high quality weld. This in tum implies that the radiographic interpreter must examine hundreds of feet of film in order to find the occasional suspect area. Development of a technique which can reduce the subjectivity of the interpretation task while "weeding out" the defect free film can greatly improve productivity and quality. For this reason, the development of a system to automatically locate suspect areas in ET weld radiographs was initiated. The system design called for a computer program which could examine a digitized radiograph, isolate the weld region in the digitized image, and then locate any suspect areas within the identified weld region. The system design did not call for the software to attempt a classification of the defect. The system's only requirement is to locate a suspect area for a human interpreter to evaluate. Such a system would reduce the amount of time the interpreter would have to spend evaluating film, thereby enhancing the capability for correct interpretation. It would also expedite the examination process by eliminating the need for the human interpreter to examine large amounts of film of defect free welds.
ISSUES
In order to design an automated radiographic interpretation system it is necessary to determine what criteria will be used to gauge success. In other words, how accurate must the system be? What types of defects will the system be required to locate? Are there any similarities in the defect morphologies that can be used advantageously? How do we determine the minimum defect size that must be resolved by the computer? What software algorithms are to be used to analyze the images? What sort of output should the software generate? What kind of pixel resolution can we get from the digital radiographs? Is this resolution sufficient to image all necessary defects? What is considered a reasonable time for image analysis?
All of these questions are valid and were addressed during the development of the software. Each of these points will be discussed in detail in the following sections. The final product being developed is to be a reliable, repeatable, simple to use, automated system that can reduce the labor intensiveness of the interpretation process without compromising the quality of the vehicle.
MAKING DIGITAL RADIOGRAPHS
A digital radiograph, in this context, is considered to be the digitized form of a radiographic image contained within a piece of film. While there are methods of gathering radiographic information directly without film (such as real time radiography) these methods have not been examined. The images that have been worked with for this study have all been made on film and transformed into a digital format for computer processing.
Two different digitizers were evaluated to determine the most suitable one for use in a production task. One of these digitizers was video camera based while the other used a fixed CCD detector.
The advantage of the video camera based system was flexibility. The camera provided the technician with the ability to design his "shot" to his liking. Zoom and focus were variable, as was light level. While this flexibility was good for a laboratory evaluation of how well radiographic film will digitize, it was not suited to a production operation. As will be described in later sections of this paper, this system was used to develop the first try at automating the interpretation process.
The fixed CCD array based system gives the technician the ability to see fine detail while assuring that every "shot" is identical in resolution. This makes sizing defects a simple, accurate task and facilitates processing large amounts of film in a similar manner. The system decided upon (Dupont NDT Scan IV) has a fixed maximum resolution of 70 microns (approximately 0.003") per pixel over a 14" x 17" digitization window. Testing was conducted which showed that the digitizer can resolve small and low contrast defects sufficiently to be used on flight hardware.
Generation of 70 micron/pixel resolution over a 14" x 17" area produces a 5000 x 6000 pixel data file. The digitizing system used 16 bit words to describe the data contained in each pixel. Therefore, the data files for each image are 60 MBytes large.
DEFECI' ANALYSIS
External Tank welds can contain a variety of defects. Defects which can be considered rejectable are cracks (any type), lack of fusion, lack of penetration, porosity/oxides, tungsten inclusions, and gas holes. These are the defect types which the automated system must resolve in order to be an effective tool. The defect types were effectively separated into three groups for analysis: 1) cracks (longitudinal, transverse, and crater) 2) porosity/oxides, inclusions, and gas holes 3) lack of fusion and lack of penetration Group one was formed due to the critical nature of weld cracks. For ET, all cracks of any size are considered rejectable and must be located by the automated system with a high level of confidence and accuracy.
Group two consists of less critical defects that are similar in morphology and are rejected based upon defect size and the defect's actual location in the ET.
Group three contains defects which are considered crack-like and are therefore rejected regardless of size. These defects are grouped together due to their critical nature and their somewhat similar morphology. Again, any automated system which is responsible for locating these types of defects must do so with a high degree of accuracy.
A quick examination of the defect groupings will immediately reveal that of the six defect types that the automated system is responsible for locating, three of them have no size criteria on which to base acceptance. Testing a software tool's capability to resolve defects in an environment which allows for no minimum acceptable defect size is difficult. Because of this, the criterion used to detennine the adequacy of the software's capability to resolve these defects was based upon a comparison with human interpreters examining the same film samples. If the Probability of Detection (POD) results for the software compare favorably with that for the human interpreters, then the software is considered certified for use.
All defects used in the development of the automated interpretation system were gathered from film that was created during the construction of various External Tanks. None of the defects were intentionally manufactured in test panels for the purpose of proving the software. In this way it was felt that the automated system would have improved detection capability for "real world" defects. Sample defects ranged in size from 0.005 inches to over an inch in length.
UNIVERSITY WELD FLAW DETECI'OR
The first attempt to develop automated interpretation software was made in 1991. The work was a joint project between Martin Marietta and a major Midwest university. For this attempt the video camera based system was used. All images generated by this system were IMByte large and represented a 1024 x 1024 pixel image field. These images displayed 2 1/2 inch segments of weld, each containing a sample of one of the defect types mentioned earlier. A compilation of over one hundred of these Regions of Interest (ROI) were digitized and sent to the university for use in development of their software.
The algorithm used for flaw detection by the software is too involved to discuss in detail in this paper. Generally, once the weld region has been isolated, the area that has been designated as weld is operated on by a trend removal algorithm. This is a two pass operation. Once the trend removal is completed, parameters associated with the resultant image are calculated that tell the software which of six sub-routines need to be accessed to make a determination on the existence of a flaw. These routines, in turn, perform checks for wide flaws, small flaws, and flaws that reside near the edge of the weld bead. The information gathered from these checks is then used to determine the overall flaw condition and the confidence factor associated with the decision.
RESULTS
The software developed at the university resulted in a user friendly package that was capable of examining ROIs for flaws. In all tests, the factors measured were: 1) detection of a flaw if it exists (true positive, TP)
2) non detection of an existing flaw (false negative, FN) 3) detection of a flaw where none exists (false positive, FP) 4) nondetection of a flaw where none exists (true negative, TN) 5) probability associated with the detection (assigned by the software) For this paper, two different sets of twenty-four (24) ROIs are analyzed. While a great deal more testing was conducted on the software, these two sets of ROIs illustrate the typical performance of the system. The first set contains all defect images while the second set contains images with no defects at all. The first set of data will provide an indication of the software's defect detecting capability. The second set of data will indicate the software's error rate for false indications.
The results of testing the set of defect image ROIs are listed in Table 1 . Defect types are abbreviated by: LF -Lack of Fusion, HI -Heavy Inclusion, and LP -Lack of Penetration. The number associated with the program output is the software's determination of its probability of correctness. The score abbreviations correspond to those mentioned above.
These results appear to be promising. All of the defects were located with only one exception. The one exception was an image classified as "uncertain" when it could not isolate the weld bead with reliability. Since the weld bead cannot be identified in "uncertain" images, no flaw detection is performed.
To follow up on the program's detection capability, a selection of twenty-four defect free weld images were processed. The results from this analysis are reported in Table 2. Of the twenty-four images examined, the correct result was delivered only nine times. Of these nine correct results, the confidence level was only 0.4 for four of them. The low confidence level indicates that while the program felt that no flaws were present in these instances, it certainly did not place much faith in that decision. These results indicate a basic uncertainty about the software's performance. There appears to be no way to determine if the software identifies a defect area because of the existence of an actual defect or whether it is just not working well enough to discriminate between flawed and defect free areas. In either case it appears that the software will most probably make a "flaws present" indication. Score  TP  TP  TP  TP  TP  TP  FN  TP  TP  TP  TP  TP  TP  TP  TP  TP  TP  TP  TP  TP  TP  TP  TP  TP   Score  FP  FP  TN  TN  FP  TN  FP  TN  FP  FP  FP  FP  FP  FP  TN  FP  FP  TN  FP  FP  TN  FP  TN  TN In the second group of images there were two instances of an "uncertain" condition. Together with the first set of data, there were three cases out of forty-eight images in which the software could not identify the weld region. When the weld region cannot be identified, no analysis takes place and the area is automatically flagged for human interpretation. This is an unacceptably high percentage of rejection based solely on this deficiency in the software.
Further testing was performed on the flaw detection software using an assortment of other image samples. In each case the results were similar to those reported above. It appeared that the software could fairly reliably identify a defect image, but at the same time it seemed to call any other image flawed also. One of the primary goals of development of an automated interpretation system was to eliminate the need for a human interpreter to examine most of the film. This software's tendency to identify almost any image as containing a defect limits its usefulness in fulfilling this goal.
One other item that should be noted is the time it took to perform the analysis. The software, running on a Sun workstation, required an average of over five minutes to analyze each image. The images that are being evaluated are 1024 pixel x 1024 pixel ROI's that are 2MByte in size. The actual full scale images that need to be examined for this tool to be successful in ET production are 5000 pixels x 6000 pixels and 60 MBytes large. With a thirty fold increase in data file size it can be expected that there would be a thirty fold increase in the time required to analyze the image. While the University software was never developed to the point where it could evaluate full scale images, an estimate of the time required to perform such an evaluation can be made. Based upon the five minutes per ROI figure given above, analysis of a 60 MByte full scale image will require 21/2 hours. This is clearly unacceptable for production of the Extemal Tank.
In conclusion, while the software developed at the university was worthwhile, it did not work well enough for use in the Shuttle program. After some evaluation, it was determined that a different approach to the development of an automated interpretation system must be taken. From the university study we learned that any new development must meet criteria for accuracy of finding defects as well as speed of operation and minimization of the number of false positive indications.
DEVELOPMENT OF ARIS
The next step in the development of an automated interpretation system was to utilize the expertise already existing within Martin Marietta. Work done recently at Martin Marietta Electronic Systems (MMES) in Orlando, Florida conceming object recognition within thermographic images was very promising. This work was similar enough to defect recognition in digital radiographs that it was felt that the technology could be applied. Subsequently, a contract was initiated with MMES to develop software which was named ARIS, for Automated Radiographic Interpretation System.
ARIS operates under the principle that any defect in a weld image is going to appear differently than its surrounding background. An examination of the weld radiographs revealed that the weld image tends to be homogeneous or change very slightly over a relatively small area. The image changes intensity very slowly except in areas where there are anomalies. This change in intensity can either be lighter or darker. Porosities tend to be rather darker than the surrounding weld, but inclusions are much brighter than their surroundings. Using this knowledge, the software is capable of computing a number which represents the local background in a particular area. This process is repeated throughout the weld image. U sing the background information, individual pixels can be examined to see if they are outside of a predetermined threshold value. In this way, anything that is out of the ordinary in a weld image is reported. Also, variation can exist from one weld to the next and within each weld. This feature allows the normal variation in optical density within a radiograph to exist without detriment to the operation of the software.
In order to address the time constraints put upon the software operation, ARIS was designed to perform its image processing using a GAPP computer. The GAPP (Geometric Arithmetic Parallel Processor) was developed at Martin Marietta. It utilizes the power of parallel processing to analyze images at tremendous speed. Images are prepared on a Sun workstation, sent to the GAPP for analysis, and defects are reported to the user. Total time for the analysis of a 2MByte ROI is approximately 0.1 seconds. For a full scale 60 MByte image this translates into approximately 3 seconds for defect analysis. This time frame is certainly more acceptable for use in a production environment than with the system discussed earlier.
At the present time only preliminary results are available to report. These results come primarily from examination of ROIs during development of the ARIS system. The results, so far, show that the system is capable of detecting defect areas at a very fast rate. There has been no indication that ARIS will produce a large percentage of false positive readings. While this data is promising, it must be remembered that the results to this point are from a small selection of ROIs only.
ARIS is in the process of being modified to examine full scale images. A full scale image is composed of four weld radiographs digitized side by side within the 14" x 17" window. The software will be required to identify each of the four weld bead images, examine these images for defects, and report the X-Y coordinates of any suspect areas to the interpreter. Once the software is developed to the point of examining full scale images, a Probability of Detection (POD) test will be performed. This test will determine the smallest defect (from each of the three groups discussed earlier) that the software can reliably detect. A defect can be considered to be detected reliably if it can be seen with a 95% probability of detection at a 90% confidence level as determined from the test. The results obtained with this test will be compared with the abilities of human interpreters to detect the same defects. This comparison will be used as the final judge of the software's capability.
CONCLUSIONS
An automated radiographic interpretation system will reduce the labor expended in production of an External Tank. It will also reduce the subjectivity and fatigue associated with the standard interpretation process. It was necessary to develop a new algorithm and advanced hardware in order to produce a working system. As of this time, ARIS has not been tested in the production environment, but it has the potential to be a very powerful tool for the radiographic interpreter.
